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Abstract

This report documents the efforts involved in determining the feasibility of substituting
aluminum components with organic matrix composites for application to the Advanced
Integrated Collective Protection System (AICPS) container. The AICPS container houses an air
filtration/power generation system capable of providing a temperature-controlled air supply free
of nuclear, biological, and chemical (NBC) contaminants to tactical vehicles and shelters.

This study was undertaken to investigate the potential of enhancing the performance of the
AICPS container in terms of portability (weight), economy (cost and life cycle), detection, and
reliability (noise and electromagnetic impulse/interference protection). The objective was to
determine if composite materials would enhance system performance and, if so, to what degree
and at what cost.

Efforts to maintain original system geometry and performance specifications resulted in two
approaches. Results indicate that the application of certain composites to the AICPS container
would enhance performance in terms of weight. However, the increased cost of both the raw
materials and of manufacturing the structure, subject to the geometric constraints, was considered
inefficient. A significant increase in weight savings could be achieved, at a more reasonable
cost, if geometric constraints were eliminated to allow for rearranging the distribution and
orientation of internal components.
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1. Introduction

The U.S. Army Research Laboratory (ARL) Weapons and Materials Research Directorate
| (WMRD) was tasked to perform a material substitution feasibility study for the Advanced Integrated
; Collective Protection System (AICPS). This effort was initiated and sponsored by the U.S. Army
Edgewood Research, Development, and Engineering Center (ERDEC) in an attempt to improve the
AICPS performance through the use of advanced lightweight materials. The objective of this study
was to provide alternative material solutions and suitable manufacturing methods for the replacement
of the current aluminum structure used throughout the AICPS container. This effort provided the
costs and weights for selected materials/designs and demonstrated whether the substitutions were
feasible. The current container is made of aluminum box beam stock and aluminum skins. The total
weight of the system, including frame and skins, is approximately 1,650 Ib. The AICPS container is

shown in Figures 1-4 on the following pages.

Figure 1. Rear View of AICPS Container.

Composites have played a major role in enhancing military systems by means of efficiently
distributing load-bearing materials and optimizing properties as required for particular applications.
The use of composites allows materials to be tailored for maximum strength-to-weight ratios, thereby

reducing the quantity of materials used and consequently lowering manufacturing costs. In this




Figure 3. Overhead View of AICPS Container.

application, organic matrix composites reinforced with graphite and glass fibers were examined as
substitutes for the aluminum box beams and skins of the AICPS container. Weight, cost, and
manufacturing methods were the prime issues of interest in the evaluation of these alternative

materials.



Figure 4. AICPS Mounted on High-Mobility, Multipurpose, Wheeled Vehicle (HMMWY).

Two approaches were used to evaluate alternative materials. One approach was to identify each
individual component of the existing container, characterize the mechanical properties of the
component, and evaluate a composite replacement in terms of weight and cost. This exercise was
performed for both graphite and fiberglass. Issues such as mechanically joining beams and bonding

skins were also examined in an effort to summarize the design for weight and cost evaluations.

The secénd approach used in this study was to match the performance of the assembled structure
in terms of maximum allowable displacement. For the aluminum AICPS container, the maximum
allowable displacement at the center (midspan with respect to stationary supports) was reported to
be approximately 1/8 in. A finite element analysis (FEA) model was generated for this purpose, using
a simplified geometric representation of the current AICPS container. Internal components dictated
the model geometry, and actual component weights were used in the analysis. Amplification factors
(experimentally determined accelerations) were used in the static analysis to compensate for

dynamic loads.




2. Overview of Composites

By definition, composite materials are a category of materials consisting of two or more discrete
materials, each possessing unique properties and distinct physical boundaries, bonded together and
subsequently producing a single chemically nonhomogeneous solid. Fiberglass/epoxy, for example,
is a composite material that consists of very fine glass fibers embedded in an epoxy resin. In this case,
the glass fibers and cured resin each has its own chemical and material properties. In the form of a
cured composite, the macroscopic solid exhibits its own set of unique properties and material
characteristics that could not be achieved independently by either the glass or the resin. In general,
composites are engineered to enhance the mechanical characteristics or properties of the resulting

structure.

In most cases, composite materials consist of two main phases: the reinforcement and the
bonding matrix. The reinforcing material is generally a network of high-tensile or high-modulus
fibers. Common commercially available fibers such as carbon, various types of glass, and special
application tradename fibers such as Kevlar (aramid fibers made by DuPont) and Spectra
(polyethylene fibers made by Allied Signal) constitute the majority of reinforcement fibers in
structural-grade composite materials. The primary function of the reinforcing fiber is to contribute
the characteristics of high-strength and load-bearing capacity. Numerous variations of composite
materials exist where the reinforcement material may be in the form of glass microspheres, short
discontinuous randomly oriented fibers, randomly oriented long fibers, or long continuously oriented
(parallel, woven, or wound) fiber arrangements. The reinforcing fibers embedded in the composite

are set in both position and orientation by what is referred to as the matrix material.

The matrix is the second main material in a composite. In the practical sense, the matrix can be
thought of as being the bonding agent or glue through which the higher strength reinforcing materials
act. The primary functions of the matrix are to maintain the position and orientation of the fibers and
to aid in transferring loads from fiber to fiber. Matrix materials also act to protect the fibers from

abrasion and environmental damage such as chemical corrosion and humidity. In the previous



fiberglass/epoxy example, the cured plastic resin enhances the performance of the composite material
by offering a toughness or resistance to fracture that could not be obtained by the glass alone. The
comparably higher strength glass fibers set in the tough plastic resin act together to achieve both
strength and toughness in a solid form, thereby qualifying the resulting composite as suitable for

structural applications.

2.1 Fibers. High-strength or high-modulus fibers function as the primary load-bearing members
in fiber-reinforced composite materials. Fibers typically occupy the majority of the volume fraction
in structural composite materials and are oriented and distributed according to the desired
performance of the material for a specific application. Individual fibers vary in diameter but are
generally in the range of 5-10 pm for carbon, roughly 10 pm for glass, and as large as 140 pm for
metal fibers referred to as whiskers (such as boron or silicon-carbide). Because of their fine diameter,
fibers are generally grouped into bundles called strands. Dry fiber products are commerciaily
available in a variety of configurations including spools of strands, multiple strands called tows, cloth

sheets or mats called woven roving, and also resin-impregnated fabrics called tape or prepreg.

Strengths of fiber vary according to type or chemical makeup but in general are high strength and
relatively stiff and brittle. Table 1 lists some of the more common fibers and demonstrates typical

strength and stiffness properties.

2.2 Resins. There are many types of resins available that are used in the manufacturing of
composite materials. Resins are categorized as either thermoplastic (capable of being reshaped by
melting and cooling) or thermoset (cured by heat or chemical means into an infusible or insoluble
material). The resin or matrix contributes very little to the tensile properties but plays a major role
in the shear properties of composites. The matrix adds to the compressive strength of a composite
by providing lateral support to the fibers, thereby preventing buckling. Also, the physical
characteristics of the matrix material, such as viscosity, melting point, and curing temperature, play

a major role in the process ability and potential formation of defects in a composite.




Table 1. Properties of Common Reinforcing Fibers®

Fiber Tensile Modulus { Tensile Strength | Strain to Failure | Common Form/Name
(x10°ps)) | (x10°psi) (%)

E-glass 10.5 o 500 4.8 fiberglass
S-glass 12.6 625 5.0 fiberglass

AS-1 33 450 1.32 graphite

AS-4 36 590 1.65 graphite {
Kevlar 19 525 2.8 Kevlar

Spectra 900 17 375 35 extended chain
polyethylene

Note: All values are an average of single-filament tests performed in accordance with ASTM D3379-75.
2 Data extracted from Mallick [6].

Some of the most commonly used resins for commercial and research applications are shown in

Table 2.

Epoxy resins are commonly employed in structural parts and complex forms. They function as
potting compounds, adhesives, and complex molding tools. Epoxy resins (specific gravity 1.2-1.3)
have a wide variety of properties due to the large number of starting materials, curing agents, and
modifiers available. Some of the other advantages of using an epoxy over other thermosets are the
low shrinkage during cure (1-5%), no volatiles released during cure, its excellent adhesion to a wide
variety of fibers, and its excellent resistance to chemicals and solvents. The disadvantages associated
with epoxy resins are its relatively high cost and long cure times, although accelerators can be used

to speed up a slow reaction and shorten the cure time.

Polyester resins are used in the manufacturing of a broad range of products, including boats, golf
club shafts, fishing rods, appliances, structural parts for automobiles, building panels, and aircraft.
Polyester resins (specific gravity 1.1-1.4) possess a wide range of properties from hard and brittle
to soft and flexible. Though their properties are generally lower than epoxies, some advantages (such

as low viscosity, fast cure time, and low cost) make them the material of choice. The principal
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Table 2. Matrix Materials®

|| Material

Thermoset Polvmers (resin

Epoxies

Polyesters, Vinyl Esters

Phenolics

Polyimides,
Polybenzimidazoles (PBI),
Polyphenylquinoxaline (PPQ)

Thermoplastic Polymers

Nylons (such as nylon 6, nylon 6, 6)
Thermoplastic Polyesters (such as
polyethylene Terephthalate [PET],
Polybutylene Terephthalate [PBT])
Polycarbonates (PC)

Polyacetals

Polyamide-Imide (PAI)
Polyether-Ether Ketone (PEEK)
Polsulfone (PSUL)
Polyphenylene Sulfide (PPS)
Polyether Imide (PEI)

2 Data extracted from Mallick [6].

Application

Principally used in aerospace and aircraft applications.

Commonly used in automotive, marine, chemical, and
electrical applications.

Used in bulk molding compounds.

For high-temperature aerospace applications
(temperature range: 250-400° F).

Used with discontinuous fibers in injection molded
articles.

Suitable for moderately high-temperature applications
(temperature range: 300-500° F).

disadvantage of polyesters is their high shrinkage (5-12%). Although this aids in the release of parts

from a mold, the difference in shrinkage between the resin and fibers may result in uneven depressions

on the molded surface.

Vinyl ester resins, sometimes referred to as a cross between an epoxy and polyester resin, possess

good chemical resistance and tensile strength along with a low viscosity and a fast cure time. This

low viscosity makes vinyl ester a popular choice for the resin transfer molding (RTM) process.
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However, the high volumetric shrinkage (5-10%) and moderate adhesive strength give way to

epoxies in performance applications.

2.3 Prepregs. Prepregs are thin sheets of aligned fibers, preimpregnated with specific quantities
of resin, that form a pliable cloth or tape. The tape is generally stacked at specified orientations to
the desired thickness over a tool or mold. The curing (hardening) of the prepreg occurs on the tool |
generally in an oven or autoclave or by means of heat lamps or other external initiator. By these
means, the degree of curing advaﬁces from the B-stage (precrosslinked) to the final crosslinked stage
to produce an insoluble part. There are various forms of commercially available prepregs including
mats, continuous rovings, or woven fabrics. The resin content of prepregs is typically in the range
of 30-45 weight-percent, depending on the intended application. Epoxy is the primary resin material
of choice for most prepregs, although other thermoplastic and thermoset resins are also used.
Prepreg sheets come in various widths, and a typical cured ply thickness for a unidirectional epoxy
composite laminate is in the range of 0.005-0.010 in. The advantage of prepregs is the elimination
of the processing step of wetting out the fibers. The disadvantages are their higher costs, their need
for refrigerated storage of thermoset resins, and their relatively short shelf life when out of the

freezer.

2.4 Composites Processing Methods. There are several manufacturing processes available for
fiber-reinforced composites that are suitable for the components pertaining to this system. Methods
under consideration in this study such as hand lay-up, filament winding, pultrusion, and RTM were

investigated as potential methods to manufacture beams and panels.

Hand lay-up is the application of laying prepreg or dry fiber mats onto a male or female mold of
the desired shape. This involves cutting fabric to size, then applying the fabric onto the mold. Resin
must be applied to each individual ply after it is laid into position. The part is then vacuum-bagged,
subjecting the mold and wetted fabric to compression by means of atmospheric pressure. Curing of
the part generally occurs in an autoclave or oven although there are also room temperature curing
resin systems. Finally, the finished parts are removed and demolded (separated from the tool).

Prepreg lay-up operations are similar to hand lay-ups, the difference being that the fiber or fabric is



already impregnated with resin, thereby resulting in fewer steps to manufacture the part. Using
prepreg can reduce fabrication time, but it is significantly more expensive. Hand lay-up and prepreg
Jay-up techniques are manually intensive processes and have drawbacks such as low productionrates
and the need for skilled labor. Automated prepreg tape lay-up machines are available for a limited
number of applications and material types, but there is a large capital investment associated with the

purchase of this type of equipment.

Filament winding, on the other hand, combines a moderate rate of production with a high rate of
reproducibility. Filament winding is a process where continuous rovings or monofilaments are wound
over a rotating mandrel. Specific part properties can be achieved by controlling the winding angle
(fiber orientation with respect to the mandre]). These angles can vary from 0-90°, depending on the
requirements. In the filament winding process, the fiber is impregnated with resin by being pulled
through a liquid resin bath while under tension. The wetted fibers are then spun onto the mandrel in
either a repeating pattern or adjacent bands to cover the mandrel surface. The part is then cured and

removed from the mandrel.

Composite processing by means of pultrusion provides a high production rate, high
reproducibility, and low cost. The pultrusion method is a continuous process in which dry fiber is
~ pulled through a resin bath and then through preforms of the desired shape. Preforms are used to
gradually form the fiber bundles into the desired shape to allow easier entry into the die. Finally, wet
preshaped fibers enter a heated die for curing. Most of the pultruded shapes, whether solid or hollow,
result in unidirectional fiber orientations. Recent advancements in pultrusion processing, however,
enable the processor to use fabrics to tailor the properties of these profiles to fit a wide scope of

engineered and structural requirements.

RTM is a closed mold operation that provides two high-quality surface finished parts. The RTM
process begins by cutting reinforcement to the desired shape and size, then laying the reinforcement
into amold. The mold is closed, and resin is injected or transferred into the mold, completely wetting
out (impregnating) the enclosed reinforcement. The resin injection system is a high-pressure pump

that mixes the resin and catalyst together just before entering the closed mold. As the resin works



its way through the mold and reinforcement, entrapped air is pushed out through vent holes located
around the mold. Most RTM applications use a room temperature cure polyester or vinyl ester resin,
but resins that cure at elevated temperatures can be used if the RTM machine has a heated mold for
curing. Vacuum-assisted RTM (VARTM), which is a variation of the traditional RTM process, can
also be performed using a one-sided mold and a vacuum bag. This method is accomplished by using
a vacuum to pull the resin from one side of the part to the other, impregnating the reinforcement and
removing air along the way. This can be accomplished in a closed mold or a one-sided mold using
vacuum-bagging techniques. The one-sided method reduces mold costs, but is more time consuming
than conventional RTM due to the bagging steps required. RTM or VARTM would both be suitable
methods for making the side panels in this application. This process can be used for making the
sandwich structures as well as composite panels [1]. Table 3 shows some of the economic and design

factors associated with the various processing methods (taken from Lubin [1982]).
3. Composite Frame by Material Substitution

A major effort was undertaken to review the current AICPS container design. Each major
structural member was identified, itemized, and characterized in terms of four main mechanical
properties. Calculations were performed to determine (1) buckling strength, (2) bending stiffness,
(3) axial stiffness, and (4) compressive/tensile strength of each member (see Appendix B). Since
some of the previously mentioned criteria are functions of length and not exclusively cross section,
each beam was evaluated individually. Properties of composite materials were used in the design of
beams and panels to arrive at cross sections that would match the performance of all structural
members identified. This exercise was performed for both fiberglass and graphite-reinforced
composites. In each case for the composites, a single minimum cross section capable of performing

as well as the aluminum was evaluated in terms of total weight and cost for all beams in the structure.
Several composite manufacturing processes were examined for beams used in this particular

application. Since the current design was structurally adequate for its intended purpose, a “one-for-

one” substitution (qualified by satisfying all four criteria) would provide the same strength and
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Table 3. Economic and Design Factors for Laminates

Molding Proces Equipmet " Molded ortance f
Production Operator’s | Complexity
Skill
Vacuum Bag 2 2 4 10 3
Pressure Bag 3 1 6 6 7 4
Spray-Up 4 4 3 10 8 1
Filament Winding 6 6 10 2 4 9
Pultrusion 7 9 9 2 2 10 “
SMC 10 8 7 4 9 0 |
Centrifugal 9 7 8 3 3 6
I Continuous 10 10 5 2 1 10
Laminate
| Regin Injection 3 2 3 7 7 8
Injection 10 10 6 2 10 10
Shell Coating 9 4 3 5 7 9
Premix (BMC) 7 4

Note: 10 equals highest; 1 equals lowest.

deflection. The container was required to deflect no more than 1/8 in. The bending stiffness
(modulus, E, times the moment of inertia, I) and the tension/compression stiffness (AE/L, where A
is the cross-sectional area of the beam) were the limiting factors for most members using this

approach.

Matching the product of “E” and “I” of the composite beams to that of the aluminum allowed for
the theoretical determination of a satisfactory beam cross section. Commercially available beams of
adequate dimensions and properties were examined for both graphite and fiberglass pultruded box
beams. The moduli of the materials used within each beam were 10 Msi, 2.5 Msi, and 15 Msi, for
aluminum, glass, and graphite, respectively. These values were chosen for performing calculations

based on vendor data for each of the pultruded shapes. The Morrison Molded Fiber Glass (MMFG)
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Company’s design manual and shape index were used to obtain the required beam dimensions. See

Appendix A for a list of other possible manufacturers and vendors for components.

Results of selected beam property requirements are shown in Appendix B for the original
aluminum design, a fiberglass substitution, and a graphite substitution. The component designation
numbers in these charts (i.e., SH2 No. 3) identify each beam as it was measured from the engineering
drawings. For instance, SH2 No. 3 represents a beam designated as No. 3 from drawing titled

“sheet 2.”

The total weight of each solution is shown on the bottom of each chart set. These charts provide
a means of comparing properties, price, and weight. As can be seen from these charts, all properties
for the fiberglass and graphite designs are equal to or greater than the aluminum design. The bending
stiffness and axial stiffness calculated from aluminum beam data provided a means for calculating
beam dimensions required for the composite solutions. For example, in the case of the fiberglass box

beams, the bending stiffness (EI) was calculated using the following equation:

(ED, = (EDgL
1.765 x 105 = (2.5 x 1061 = I=0.71.

Reviewing cross-sectional properties, from MMFG and other commercial composites
manufacturers’ literature, resulted in the selection of a hollow box beam with dimensions of
7in x 2 in X 0.25 in with an I of 0.91 (a value of 0.71 or greater is required for the design). It should
be noted, however, that in the manufacturers’ literature, the term “commercially available” means the

company has a die available to make a particular-shaped (dimensioned) beam.

It appeared that these beam dimensions were sufficient for this application due to the fact that the
bending stiffness of this glass beam was 20% greater than that of the aluminum beams. To satisfy
axial stiffness requirements, however, a beam with dimensions of 2.5 in x 2.5 in % 0.25 in would be
required. Under these circumstances, the fiberglass system (frame beams only) was heavier than the

current aluminum design (see Appendix B).

12



The graphite frame, though more expensive than the aluminum, is a more suitable material due
to the weight savings involved. Graphite provides superior properties, while utilizing smaller
beams—namely, 1.25 in x 1.25 in x 0.125 in (see Appendix B).

Due to the complexity of some of the corner castings, it is recommended that the current
aluminum joints also be used for the composite design as well. Manufacturing the more coinplex
corner (joint) shapes using composites could be done but would be would be significantly more
expensive than aluminum. Burnham Products, Inc., was found to be a qualified cost-effective
manufacturer of the less complex composite corner shapes that could be used in tandem with the

more complicated aluminum castings.

Fastening or bonding of the frame beams to the structural side panels could be achieved most
effectively through the use of an adhesive system. A large selection of adhesive systems are qualified
for this application,; for instance, 3M has two systems that are suitable for the job—namely, DP420
and DP190. These are two-part epoxy systems consisting of a base and an accelerator. These
adhesives are capable of bonding both composite to composite and composite to aluminum. They
have a temperature service range of - 67°-350° F, excellent environmental/chemical resistance, and
good shear-strength properties. To assure quality bonds, it is recommended that the bonding surfaces

be prepared by either light abrasion or degreasing with a solvent such as isopropyl alcohol.

There were several factors influencing U-channel (engine mounts) material selection. For
instance, fiberglass U-channels required for this application weigh 1.40 ft/Ib and cost approximately
$6.25/ft to manufacture (not including setup charge). The setup charge is an expense incurred by the
manufacturer for preparing a machine for pultruding a particular shape. This price is based on a
minimum mill run of 2,500 ft, and anything less than that is priced according to the percentage of that
mill run ordered. For graphite channels, cost increases by a factor of approximately 3. Again, these
prices were based on typical mill runs and would increase dramatically for the amount required for

this application.
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In the case of the engine-mount application, however, aluminum is most appropriate due to its
superior fatigue properties relative to both fiberglass and graphite. For this reason, and due to the
fact that only two beams are required per AICPS system, aluminum is the recommended material for

mounting the motor as well as other dense vibrating components.

4. Composite Side Panels

There are numerous composite side panel configurations that are suitable for the AICPS
application. This study examined some of the more common selections and provided advantages,
approximate cost, and weights for each. One type of panel construction available consists of glass
and/or graphite “skins” with a honeycomb or foam-type core. Honeycomb is a synthetic, calendered
paper produced exclusively by DuPont under the trade name Nomex. It is tough, impact resistant,
and very lightweight. The “expanded” core creates cells that result in an anisotropic material, and
the resulting directional properties should be adapted to the anticipated loads. The core is dip-coated
with a suitable resin after having been expanded to the desired size. The resin coated honeycomb is
then adhesively bonded to thin, lightweight skins (most commonly glass or graphite), resulting in a

sandwich-type structure.

Honeycomb sandwich panels, such as aircraft flooring sections (manufactured by M.C. Gill
Corporation), could be used as AICPS container panels. Selection of the core skins (E-glass, S-2
glass, or graphite) affords tailoring the panels to unique properties as required for the intended
application. The use of S-2 glass provides high-impact resistance, corrosion resistance, and high
tensile strength. Graphite provides reduced weight and high stiffness. Panels of this type, with either
fiberglass or graphite skins, would enhance noise suppression capabilities as compared to the current
aluminum shear skins. The disadvantages of using graphite are lower impact resistance, galvanic

corrosion, and higher cost than both aluminum and fiberglass.

Typical panel weights using graphite and/or fiberglass face sheets and Nomex honeycomb cores

are shown in Table 4. Based on outside AICPS container dimensions, the weight for the front and
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Table 4. Panel Construction Weights®

Total Weight | Total Weight
Construction Panel Core Panel Panels Panels With
Thickness | Density | Weight (uncut) Cut-Outs
(in) (PCF) | (PSF) (Ib) (Ib) .
Graphite 0.400 4 0.42 37.8 26.5
Facing/Honeycomb Core
FRP® Facing/Honeycomb 0.400 5 0.52 46.8 32.7
Core I
FRP Facing/Honeycomb 0.400 9 0.64 57.6 40.2
Core
FRP-Graphite Face 0.400 8 0.58 52.2 36.45
Honeycomb Core

2 Extracted from M. C. Gill Doorway Corp. [7].
® Fiberglass-reinforced plastic

back panels is (determined to be) 6.74 Ib each. Top and bottom panels are determined to weigh
8.75 1b each, and side panels weigh 3.41 Ib each. These weights are for the panels only and do not
include any of the necessary cutout details, fasteners, or electromagnetic impulse (EMI) shielding.
EMI shielding, based on similar shielding used in the Composite Armored Vehicle (CAV), weighs
approximately 0.169 Ib/ft*. Integration of EMI shielding results in slightly heavier panels (9.45 Ib for
front/back, 12.27 Ib for the top/bottom, and 4.78 Ib for the end panels). Total weight of panels
required for the entire container including EMI shielding is 53 Ib.

Estimated weight for the six side panels (graphite faced and honeycomb core) is approximately
38 Ib. The same panels including EMI mesh protection weigh 53 Ib. Replacing the graphite skins
with E-glass skins, including the weight of the EMI mesh, increases the panel set weight to 62 Ib.
Hybrid panels incorporating both fiberglass, for galvanic corrosion protection, and graphite, for
greater stmctural integrity, weigh approximately 67 Ib per AICPS container set (including EMI
shielding).

15




Also available from Nida-Core Corporation is a phenolic (high-temperature synthetic resin)
foam-filled honeycomb core for improved fire resistance as well as a polyurethane foam-filled core
offering greater insulative properties. These panels are available in thicknesses from 3/16 inup to and
including 18 in. Panels of this type provide excellent impact resistance, outstanding bonding
properties, and higher fatigue resistance. Foam-filled cores contribute roughly 1.87 Ib/ft® to the

weight of a foam-filled panel.

In addition to those mentioned previously, there are numerous foam core panel configurations
available that could improve container performance in terms of weight, stiffness, noise/signature
suppression, or EMI protection. However, a basic fiberglass or graphite laminate panel offers most
of the same advantages at a much lower cost. For the AICPS application, foam core panel
alternatives would significantly increase system cost for disproportionately few property

enhancements.

Similarly, there are tradeoffs associated with the choice of materials used for laminated container
panels. The most economical solution would be to use E-glass fabric with epoxy or polyester resin.
The E-glass panel thickness required to match the strength and stiffness of the aluminum is 0.16 in

as calculated as follows [8]:
T,=Tgl, + 15,
where

T, is unknown thickness for woven roving hand lay-up,

Ty is the existing aluminum thickness = 0.095 in,

1, is hand lay-up woven roving thickness index (stiffness) = 0.78, and
I;; is the aluminum thickness index (stiffness) = 0.46.

Choosing a graphite laminate reduced weight at the expense of cost. The average density for

carbon fiber is 0.065 1b/in’. Due to the stiffness properties associated with carbon fibers, the
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thickness of these panels decreased to a 0.10 in or less. System costs and weights are summarized

later in the Cost Analysis Section of this report.

5. Stiffness Performance and Material Selection

A finite-element model of the AICPS support structure was developed to evaluate its overall
deflection response (stiffness) for various potential candidate materials, which would be considered
to replace the current baseline aluminum design. It is noted that no attempt was made here to
“redesign” the current structure as this study is only intended to make relative comparisons in stiffness
performance as a function of material type. The materials considered in this study are (1) baseline
aluminum, (2) unidirectional graphite/epoxy, (3) graphite/epoxy fabric, and (4) titanium. Details of
the investigation are provided in suceeding text. Based on preexisting geometry-related design
constraints imposed by the current configuration, the composite systems investigated were not found
to offer substantial gains in the overall stiffness above that of the aluminum structure. This
observation is attributed to the fact that the transverse shear stiffness in the beams (a weak direction
for the composite systems) contributes substantially to the load-carrying ability of the AICPS
structure. To reinforce this fact, a stiffer, homogeneous metallic titanium structure was modeled and
was found to offer substantial performance gains over the baseline aluminum design. The findings
here suggest that unless a significant redesign of the current aluminum configuration (geometry) is
made, the full potential stiffness and strength benefits offered by fiber-reinforced polymer composites
may not be fully exploited in this application.

5.1 Analysis

5.1.1 Model Geometry. The geometry of the finite-element model employed in this investigation
was an approximation of the actual AICPS structure. The finite-element representation of the
structure was composed of beam elements only and neglected the load-bearing contributions of the
face sheet components. ABAQUS [2] beam elements of the type B32 were used (three-noded beam

elements that account for transverse shear and axial deformation). A total of 250 elements were used
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in the model. The beam model used is shown in Figure 5. For each material type considered in this
investigation, the cross-sectional geometry of the box beams used in the model was held constant and
equal to those referenced for the baseline aluminum design prepared by the Foster Engineering
Co. [3]. It is noted that two additional cross members, which do not exist in the actual AICPS

structure, were added to the floor of the structure to increase lateral twisting stiffness.

Figure 5. The Finite-Element Beam Model, Boundary Conditions, and Load Introduction
Points.

5.1.2 Loading/Boundary Conditions. Allbeam elements were assumed to be rigidly connected
at their respective points of contact. The rear of the AICPS structure (beam model) was assumed

to be rigidly attached to the adjacent supporting wall structure (see Figure 5).

Two different load cases were considered in this study: vertical bending (about the global X-axis)
and lateral twisting (about the global Y-axis). A static load equivalent was calculated for the
structure and applied at two central locations (P1 and P2) within the model (see Figure 5). The
magnitude of the load was based on information [3] for the aluminum design. Namely, a total
structural weight of 1,650 Ib was assumed with accelerations of 4 g for vertical bending and 3 g for
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lateral twisting. This corresponded to statically applied force loads of 6,600 Ib and 4,950 Ib,

respectively.

5.1.3 Materials. Asmentioned previously, four different materials were considered in this study:
(1) baseline aluminum [3], (2) unidirectional graphite/epoxy, (3) graphite/epoxy fabric, and (4)
titanium. The properties used for each of these materials are listed in Table 5. The 1-direction
corresponds to the axial direction in the beam. The 2- and 3-directions correspond‘ to the transverse
and normal directions of the beam, respectively. Both the aluminum and titanium materials were

assumed isotropic.

5.2 Results. A finite-element analysis was conducted for each of the two load cases and for each
of the four materials. For each load and material case, a maximum deflection was recorded to give
an indication of the relative deflections of the various materials with respect to the aluminum baseline
design. It is noted that despite the simplifying assumptions made in this analysis, the predicted
deflection fqr the aluminum baseline model (0.0988 in) is reasonably consistent with the 0.1250 in

allowable suggested by Lockheed Martin [4].

In order to make quantitative comparisons of the structural performance for each material and
load case, a global stiffness for the entire AICPS structure was defined. This structural stiffness was
based on the global X- and Y-direction deflections of the A, B, C, and D “corner” points on the
model (see Figure 5). The vertical bending stiffness, K, was defined as K, = F/Y,,,, where F, is the
applied vertical bending load (6,600 Ib) and Y,,, is the average Y-direction deflection of the corner
points A, B, C, and D in the model. The lateral twisting stiffness, K,, was defined similarly as
K, =F/X..., where F, is the applied lateral twisting load (4,950 Ib) and X, is the average X-direction
deflection of the corner points A, B, C, and D in the model. All vertical bending and lateral twisting
stiffnesses were compared with the aluminum design and listed as a percentage difference from these

baseline reference values.

The results are summarized in Table 6. For illustrative purposes, typical vertical bending and

lateral twisting deflection responses are shown in Figures 6 and 7, respectively. It is noted that the
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Figure 6. Vertical Bending Deflection Response.

Figure 7. Lateral Twisting Deflection Response.

trends found in the relative maximum deflections of the corner points are reflected in the values given
for the structural stiffness results. Both graphite/epoxy designs did not show any significant stiffening
improvements over the aluminum design. For example, the graphite/epoxy fabric design only showed
an increase in the vertical bending and lateral twisting stiffnesses of 5% and 9%, respectively.

Although the graphite/epoxy unidirectionaldesign showed a 13% increase in lateral twisting stiffness,
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it showed a sharp drop of 13% in vertical bending. The relatively small performance gains of the
graphite/epoxy systems may not be significant enough to merit potential cost increases over the

baseline aluminum design.

A titanium material example case was run and provided an interesting result. This material
showed a significant 34% increase in structural stiffness over the aluminum design both in vertical
bending and lateral twisting. The increased shear stiffness offered by the titanium material translates
into an overall stiffer structure. This result demonstrates that the overall stiffness of the current
AICPS design configuration is largely affected by the transverse shear stiffness of the box beams. It
is noted that to fully exploit the high axial stiffness and strength of fiber-reinforced systems, a redesign
of the current geometric configuration must be considered. This example also suggests that weight
savings with a titanium design are possible but would require further investigation to include

performance vs. cost trade-off studies.

6. Cost Analysis

Approximate cost assessments were tabulated for a series of AICPS container alternatives.
Where commercial estimates were not available, costs were calculated based on ARL-WMRD
operating and procurement data. Material common to most options, as well as that of the baseline

(aluminum) structure, is itemized with unit costs as follows:

aluminum (1100 grade)........... $ 1.68/ft at 2,500 ft mill run
E-glass....cccoeevvernrnnninesensennneees $ 7.00/ft at 2,500 ft mill run
graphite......ccoveveereenerecnecerisanans $ 10.00/ft at 2,500 ft mill run

SELUP Charge....cccerveenvesurseneennes $500.00-$1,000.00 (range of cost per machine)
commercial cut-to-length......... $0.40 per order (single cut).

To obtain a reasonable estimate for the container panels, several important factors were taken into

consideration. If a sandwich structure was chosen, price would depend on type of core material, type
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of skin material, incorporation of EMI shielding, encapsulation of edges, and machining cost for holes
and cut-outs. Encapsulation of the edges refers to the process of applying an adhesive or resin
coating, preferably a conductive type for EMI purposes, along the open edges of the panels. The
cost of core material was based on square footage of panels ordered and ranged from approximately
$1.40 to $1.75/ft>. For the AICPS container, this amounts to an approximate cost of $160.00 per
system. Additional costs, such as purchasing skins, bonding skins to cores, and machining the
finished sandwich panel would increase this cost significantly. Weights and prices for any special
beams, U-channels, and four mounting brackets need to be included in all systems itemized as in

Table 7.

7. Conclusions

The conclusions drawn from this study indicate that the AICPS container performance could be
enhanced in terms of both weight and signature/noise reduction through the use of composites. A
number of composite material systems would qualify successfully in the substitution for aluminum
container components. The degree of enhancement in some cases was shown to be marginal at best

while increasing the production costs significantly.

A finite-element model of the AICPS support structure was developed to evaluate its overall
deflection response (stiffness) for various potential candidate materials, which could be considered
to replace the baseline aluminum design. Several materials were considered in this study: (1) baseline

aluminum, (2) unidirectional graphite/epoxy, (3) graphite/epoxy fabric, and (4) titanium.

Based on preexisting geometry-related design constraints imposed by the current configuration,
the composite systems were not found to offer substantial gains in the overall stiffness above that of
the aluminum structure. This observation is attributed to the fact that the transverse shear stiffness
in the beams (a weak direction for the composite systems) contributes substantially to the
load-carrying ability of the AICPS structure. To reinforce this fact, a stiffer, homogeneous metallic

titanium structure was modeled and found to offer substantial performance gains over the baseline
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aluminum design. These findings suggest that unless a significant redesign of the current aluminum
configuration (geometry) is made, the full stiffness and strength benefits offered by fiber-reinforced
polymer composites cannot be fully exploited in this application. Findings of this study also suggest
that weight savings with a titanium design are possible, but would require further investigation to

include performance vs. cost trade-off studies.

Tabulated cost and material options based on supplier cost quotes (or information from similar
prototype fabrication efforts undertaken by ARL’s WMRD) demonstrate the economic implications
of choosing advanced materials for the current AICPS container. Prices were based on estimated
labor charges required to manufacture 100 systems per year. These prices neglect any commercial
overhead costs that may be incurred. The most cost-sensitive variable influencing unit price is driven

by geometry (i.e., the cost per unit decreases as unit area increases [5]).

The lightest composite system examined was the graphite beam/graphite skin/honeycomb core
sandwich structure. This system weighed approximately 123 b but was also the most expensive. The
glass/honeycomb system with graphite beams was less costly but was 10 Ib heavier. A graphite beam
frame with graphite or glass panels could be implemented as a compromise between weight and cost.
Another method would be to incorporate the frame or composite panels, whether a sandwich

structure or just composite, into the current aluminum system.

Swapping composite for aluminum in a one-to-one exchange is usually not an optimal solution
and tends to drive up costs. The AICPS is very complex and would be costly as a composite
application due to the many components in the structures current configuration. Alternative
manufacturing methods would be to filament-wind or use a VARTM technique. Stiffeners would
have to be added in order to rigidly fasten internal components where needed. An optimal solution

would be a new ground-up design for a composite system.
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Appendix A:

Suggested Manufacturers and Vendors for Components
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Suggested Manufacturers:

United Defense, L.P.
Ground Systems Division
2890 De La Cruz Blvd.
Santa Clara, CA 95052

Marion Composites
A Division of Technical Products Group, Inc.
150 Johnston Road
Marion, VA 24354

Suggested Vendors For Individual Components:

M.C. Gill Corp.
4056 Easy St.
El Monte, CA 91731

Product: Composite Panels
Composite Sandwich Structures

Composix Co.
120 O’Neill Drive
Hebron, OH 43025

Product: Composite Panels
Composite Sandwich Structures

Morrison Molded Fiber Glass Company
400 Commonwealth Avenue

Box 580

Bristol, VA 24203-0580

" Product: Composite Structural Shapes (Box Beams, U-Channels)
Burnham Products, Inc.
2700 S. Custer
P.O. Box 12950
Wichita, KS 67277

Product: ' Composite Structural Shapes
Composite Panels
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Appendix B:
Beam Weights and Costs
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Appendix C:

Processing Steps for Systems
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Systems A through C: Process Steps

[y
.

Manufacturing/purchase of graphite beams.

Purchase of EMI mesh.

Manufacturing/purchase of skin/honeycomb panels. EMI mesh incorporated into panels by
vendor.

Purchase of 2-, 3-, and 4-way connectors.

Machining: trim panels, cut-outs, and drill holes in panels, and beams.

Assembly of composite beam frame (adhesive and/or mechanical fasteners).

Curing of adhesive.

Bonding/fastening of panels to frame.

Chemical Agent Reactive Coating (CARC) paint.

W

00 NG

Systems D and E: Process Steps

Manufacturing/purchase of graphite beams.

Purchase of EMI mesh.

Purchase of dry fabric and resin or prepreg.

Purchase of connectors.

Lay-up of composite side panels.

Cure of panels.

Machining: trim panels, cut-outs, and drill holes in panels, and beams.
Assembly of composite beam frame (adhesive and/or mechanical fasteners).
. Curing of adhesive.

10. Bonding/fastening of panels to frame.

11. CARC paint.

A A o ol e
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NO. OF

COPIES ORGANIZATION

2

DEFENSE TECHNICAL
INFORMATION CENTER
DTIC DDA

8725 JOHN J KINGMAN RD
STE 0944

FT BELVOIR VA 22060-6218

HQDA
DAMO FDQ

D SCHMIDT

400 ARMY PENTAGON
WASHINGTON DC 20310-0460

OSD
OUSD(A&T)/ODDDR&E(R)
RJTREW

THE PENTAGON
WASHINGTON DC 20301-7100

DPTY CG FOR RDE HQ

US ARMY MATERIEL CMD
AMCRD

MG CALDWELL

5001 EISENHOWER AVE
ALEXANDRIA VA 22333-0001

INST FOR ADVNCD TCHNLGY
THE UNIV OF TEXAS AT AUSTIN
PO BOX 202797

AUSTIN TX 78720-2797

DARPA

B KASPAR

3701 N FAIRFAX DR
ARLINGTON VA 22203-1714

NAVAL SURFACE WARFARE CTR
CODE B07 J PENNELLA

17320 DAHLGREN RD

BLDG 1470 RM 1101

DAHLGREN VA 22448-5100

US MILITARY ACADEMY

MATH SCI CTR OF EXCELLENCE
DEPT OF MATHEMATICAL SCI
MAJ M D PHILLIPS

THAYER HALL

WEST POINT NY 10996-1786

57

NO. OF
COPIES ORGANIZATION

1 DIRECTOR
US ARMY RESEARCH LAB
AMSRLD
R W WHALIN
2800 POWDER MILL RD
ADELPHI MD 20783-1145

1 DIRECTOR
US ARMY RESEARCH LAB
AMSRL DD
JJTROCCHIO
2800 POWDER MILL RD
ADELPHI MD 20783-1145

1  DIRECTOR
US ARMY RESEARCH LAB
AMSRL CS AS (RECORDS MGMT)
2800 POWDER MILL RD
ADELPHI MD 20783-1145

3  DIRECTOR
US ARMY RESEARCH LAB
AMSRL CILL
2800 POWDER MILL RD
ADELPHI MD 20783-1145

ABERDEEN PROVING GROUND

4 DIRUSARL
AMSRL CILP (305)



NO. OF

COPIES ORGANIZATION

1

DIR USARL

AMSRL CP CA D SNIDER
2800 POWDER MILL RD
ADELPHI MD 20783

CDR US ARMY ARDEC
AMSTA AR FSE T GORA
PICATINNY ARSENAL NJ
07806-5000

CDR US ARMY ARDEC
AMSTA ARTD

R PRICE

V LINDNER

C SPINELLI

PICATINNY ARSENAL NJ
07806-5000

US ARMY TACOM
AMSTA JSK

S GOODMAN

J FLORENCE
AMSTATRD

B RAJU

L HINOJOSA

D OSTBERG

WARREN MI 48397-5000

PM SADARM

SFAE GCSS SD

COL B ELLIS

M DEVINE

W DEMASSI
JPRITCHARD

S HROWNAK
PICATINNY ARSENAL NJ
07806-5000

CDR US ARMY ARDEC

F MCLAUGHLIN
PICATINNY ARSENAL NJ
07806-5000

CDR US ARMY ARDEC
AMSTA AR E FENNELL
PICATINNY ARSENAL NJ
07806-5000

58

NO. OF
COPIES ORGANIZATION

5 CDR US ARMY ARDEC

AMSTA AR CCH
S MUSALLI

P CHRISTIAN

R CARR

M LUCIANO

T LOUCEIRO

PICATINNY ARSENAL NJ

07806-5000

1 CDR US ARMY ARDEC

AMSTA AR CCH

PICATINNY ARSENAL NJ

07806-5000

2 CDR US ARMY ARDEC

AMSTA AR

PICATINNY ARSENAL NJ

07806-5000

1 CDR US ARMY ARDEC

AMSTA AR CCHP
JLUTZ

PICATINNY ARSENAL NJ

07806-5000

1 CDR US ARMY ARDEC

AMSTA ARFSFT
C LIVECCHIA

PICATINNY ARSENAL NJ

07806-5000

1 CDR US ARMY ARDEC

AMSTA AR QACTC
CPATEL

PICATINNY ARSENAL NJ

07806-5000

2 CDR US ARMY ARDEC

AMSTA ARM
D DEMELLA
F DIORIO

PICATINNY ARSENAL NJ

07806-5000



NO. OF

COPIES ORGANIZATION

3

CDR US ARMY ARDEC
AMSTA AR FSA

A WARNASH

B MACHAK

C CHIEFA

PICATINNY ARSENAL NJ
07806-5000

DIR

BENET LABORATORIES
AMSTA AR CCB
JKEANE

JBATTAGLIA

J VASILAKIS

G FFIAR

V MONTVORI

J WRZOCHALSKI

R HASENBEIN

SMCAR CCB R S SOPOK
WATERVILIET NY 12189

CDR

SMCWYV QAE Q B VANINA
BLDG 44 WATERVLIET
ARSENAL

WATERVLIET NY 12189-4050

CDR

SMCWYV SPM T MCCLOSKEY
BLDG 253 WATERVLIET
ARSENAL

WATERVLIET NY 12189-4050

CDR WATERVLIET ARSENAL
SMCWYV QA QS K INSCO
WATERVLIET NY 12189-4050

CDR

US ARMY ARDEC
PRODUCTION BASE MODERN
ACTY

AMSMC PBM K

PICATINNY ARSENAL NJ
07806-5000

CDR

US ARMY BELVOIR RD&E
STRBE JBC

FT BELVOIR VA 22060-5606

59

NO. OF

COPIES ORGANIZATION

2

CDR US ARMY ARDEC
AMSTA ARFSP G

M SCHIKSNIS

D CARLUCCI
PICATINNY ARSENAL NJ
07806-5000

US ARMY COLD REGIONS
RESEARCH AND ENGNR LAB
PDUTTA

72 LYME RD

HANOVER NH 03755

DIR USARL

AMSRL WT LD WOODBURY
2800 POWDER MILL RD
ADELPHI MD 20783-1145

CDR US ARMY MICOM

AMSMI RD W MCCORKLE
AMSMI RD ST P DOYLE
AMSMI RD ST CN T VANDIVER
REDSTONE ARSENAL AL
35898-5247

US ARMY RESEARCH OFFICE
A CROWSON

J CHANDRA

PO BOX 12211

RSRCH TRIANGLE PARK NC
27709-2211

US ARMY RESEARCH OFFICE
ENGNRNG SCIENCES DIV

R SINGLETON

G ANDERSON

KIYER

PO BOX 12211

RSRCH TRIANGLE PARK NC
27709-2211



NO. OF

COPIES ORGANIZATION

5

PM

TANK MAIN ARMAMENT SYS
SFAE GSSC TMA

COL PAWLICKI

K KIMKER

E KOPACZ

R ROESER

B DORCY

PICATINNY ARSENAL NJ
07806-5000

PM

TANK MAIN ARMAMENT SYS
SFAE GSSC TMA SMD

R KOWALSKI

PICATINNY ARSENAL NJ
07806-5000

PEO FIELD ARTILLERY SYS
SFAE FAS PM

H GOLDMAN

T MCWILLIAMS
PICATINNY ARSENAL NJ
07806-5000

PM CRUSADER

*G DELCOCO

J SHIELDS
PICATINNY ARSENAL NJ
07806-5000

CDR DARPA
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6. General Comments. What do you think should be changed to improve future reports? (Indicate changes to organization,
technical content, format, etc.) :

Organization

CURRENT Name E-mail Name
ADDRESS

’ Street or P.O. Box No.

City, State, Zip Code

7. If indicating a Change of Address or Address Correction, please provide the Current or Correct address above and the Old
or Incorrect address below.

Organization

OLD Name
ADDRESS

Street or P.O. Box No.

City, State, Zip Code

(Remove this sheet, fold as indicated, tape closed, and mail.)
(DO NOT STAPLE)
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